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(54) Semiconductor element 

(57) The present invention provides a semiconduc- 
tor element in which the field-effect transistor and the 
Schottky diode are arranged such that a depletion layer 
stemming from the Schottky diode is superimposed on 
a depletion layer stemming from a junction between a 
secondconductivitytype semiconductor constituting the 
field-effect transistor and a drift region (first conductivity 



type semiconductor) in an off-state. According to pref- 
erable embodiments of the present invention, the re- 
verse recovery time due to a parasitic diode can be re- 
duced by providing the Schottky diode such that the el- 
ement area of the semiconductor element is not in- 
creased. Moreover, the breakdown voltage in the sem- 
iconductor element can be improved. 
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Description 

[0001] The present invention relates to semiconduc- 
tor elements, in particular, semiconductor power switch- 
ing elements for controlling an inverter or the like. s 
[0002] A conventional semiconductor power switch- 
ing element will be described with reference to FIG. 11 . 
For a semiconductor element formed of a silicon semi- 
conductor shown in FIG. 11, a silicon semiconductor in 
which an n-type epitaxial growth layer 112 is formed on 
an n + -type silicon substrate 111 is used. P-type semi- 
conductor regions 113 are formed in a surface of the n- 
type epitaxial growth layer 112, and n 4 -type semicon- 
ductor regions 114 serving as a source region are 
formed in the p-type regions. As electrodes, a source 
electrode 11 9 is formed so as to be in contact with the 
n+-type region 114 and a gate electrode 118 is formed 
via an insulating layer 116 that is formed by oxidation. 
Furthermore, a drain electrode 1 1 7 is provided on a back 
surface. In a vertical insulated gate field-effect transistor 
(vertical MOSFET) that is formed in this manner, when 
a bias voltage is applied to the gate electrode 118, an 
inversion layer is produced in the surface layer of the p- 
type region 1 13 that is immediately below the gate elec- 
trode. 

[0003] In this semiconductor element, the source 
electrode 119 also is in contact with the p-type regions 
1 1 3 to set the electric potential of the p-type region 113. 
Therefore, a parasitic diode with a p-type source and an 
n-type drain exists between the source and the drain of 
the transistor. 

[0004] In a semiconductor element formed of a silicon 
carbide (SiC) semiconductor shown in FIG. 12, a vertical 
MOSFET having a so-called trench structure is formed, 
in this semiconductor element, silicon carbide is used 
where an n-type epitaxial growth layer 122 and a p-type 
epitaxial growth layer 123 are formed in this order on an 
n + -type silicon carbide substrate 121. N + -type semicon- 
ductor regions 124 to serve as source regions are 
formed in the surface of the p-type layer 123. A recess 
penetrating the p-type layer 1 23 is formed in the n + -type 
region 124 by photolithography and etching to achieve 
a trench structure. A gate electrode 128 is provided on 
the surface of the recess via an insulating film 126 
formed by oxidation. In the thus formed silicon carbide 
MOSFET having a trench structure, when a bias voltage 
is applied to the gate electrode 128, an inversion layer 
(channel) is produced in the p-type region 123 that is in 
contact with the trench wall surface. This element is dis- 
closed, for example, in Silicon Carbide; A review of Fun- 
damental Questions and Applications, edited by W. J. 
Choyke, H. Matsunami, and G. Pensl, Akademie Verlag 
1997, Vol. II, pp. 369-388. 

[0005] In this semiconductor element, for the same 
reason as above, since the source electrode 129 is in 
contact with the p-type layer 123, a parasitic diode with 
a p-type source and an n-type drain exists between the 
source and the drain. 



[0006] In these semiconductor elements, a parasitic 
diode exists between the source and the drain, as de- 
scribed above, and therefore, when the semiconductor 
element is switched off, a delay by the amount of time 
required for reverse recovery of the parasitic. diode oc- 
curs. This delay is caused by the fact that the p/n junc- 
tion continues to be on even after the semiconductor el- 
ement is switched off because of the presence of minor- 
ity carriers injected to the layers constituting the para- 
sitic diode while the semiconductor element is on. Fur- 
thermore, current that has flowed until the p/n junction 
is no longer on constitutes a switching loss. 
[0007] A semiconductor element that can solve the 
above-described problem involved in the production of 
the parasitic diode has been proposed (JP 9 (1997)- 
55507 A). As shown in FIG. 13, this semiconductor el- 
ement is provided with a Schottky diode region adjacent 
to a region in which the same MOSFET as in FIG. 11 is 
formed. Reference numerals in FIG. 13 are the same as 
those shown in FIG. 11. In this Schottky diode region, 
the electrode 119 serving as the source electrode in the 
MOSFET region forms a Schottky junction with the n- 
type layer 1 1 2. If the Schottky diode is provided parallel 
to the parasitic diode in this manner, the reverse recov- 
ery time due to minority carriers can be reduced. 
[0008] In the semiconductor element shown in FIG. 
1 3, the Schottky diode is surrounded by a p-type circular 
guard ring region 121 to ensure the breakdown voltage. 
With this, an n + -type channel stopper region 122 is fur- 
ther provided between the p-type region 113 and the p- 
type guard ring region 121 . 

[0009] With the semiconductor element of FIG. 13, 
when the Schottky diode region is provided, the element 
area is increased. The increase of the element area is 
detrimental to the compactness of the semiconductor el- 
ement. This element attempts to improve the break- 
down voltage of the Schottky diode by using the guard 
ring region 121 in the periphery of the Schottky diode 
having a relatively smaller breakdown voltage than that 
of a transistor. However, the presence of the further pro- 
vided guard ring region 121 or the channel stopper re- 
gion 122 increases the element area up to about 200%. 
[0010] In the semiconductor element shown in FIG. 
13 as well as in the semiconductor element shown in 
FIG. 1 1 , it is advantageous that the distance d (FIG. 11 ) 
between adjacent p-type layers 113 is larger to let a 
large current flow. However, when the distance d is in- 
creased, depletion layers 115 (FIG. 11) due to the p/n 
junction are not overlapped, or even if they are over- 
lapped, the thickness of the depletion layer is not suffi- 
cient in the vicinity of the center of the distance. There- 
fore, when it is attempted to increase the current capac- 
ity by increasing the distance d, all the voltage between 
the gate electrode 118 and the drain electrode 117 is 
applied substantially to the insulating film 116, so that 
this insulating film becomes susceptible to breakdown. 
Thus, in the semiconductor power switching element, in 
particular, when producing an element suitable for a 
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large current, it is an important issue to ensure the 
breakdown voltage. 

[0011] In at least preferable embodiments of the 
present invention, It is an object of the present invention 
to reduce the reverse recovery time due to a parasitic 
diode while suppressing an increase of the element area 
and/or to improve the breakdown voltage in the above- 
described conventional semiconductor element. 
[0012] A semiconductor element of the present inven- 
tion includes a field-effect transistor and a Schottky di- 
ode. The field-effect transistor includes a source elec- 
trode provided on a first surface of a semiconductor 
body, a drain electrode provided on a second surface 
opposite to the first surface and a first conductivity type 
semiconductorthat includes afirst conductivity type drift 
region, and a second conductivity type semiconductor 
The first and second conductivity type semiconductors 
are included in the semiconductor body. The Schottky 
diode is formed by contact between the first conductivity 
type semiconductor and a metal electrode. The field-ef- 
fect transistor and the Schottky diode are arranged such 
that a first depletion layer stemming from the Schottky 
diode is superimposed on a second depletion layer 
spreading around the second conductivity type semi- 
conductor in an off-state of the field-effect transistor. 
[0013] In another semiconductor element of the 
present invention, the field-effect transistor and the 
Schottky diode are arranged closely so that a second 
conductivity type semiconductor other than the second 
conductivity type semiconductor is not interposed be- 
tween the electric field effect transistor and the Schottky 
diode. 

[0014] FIG. 1 is a cross-sectional view (taken along 
line l-l of FIG. 2) showing an example of a semiconduc- 
tor element of the present invention. 
[001 5] FIG. 2 is a plan view showing an example of a 
semiconductor element of the present invention. 
[0016] FIG. 3 is a cross-sectional view showing an el- 
ement having a trench structure as an example of a 
semiconductor element of the present invention. 
[0017] FIG. 4 is a plan view showing an example of 
an arrangement of the semiconductor element of FIG. 3. 
[0018] FIG. 5 is a cross-sectional view showing an- 
other example of a semiconductor element having a 
trench structure of the present invention. 
[0019] FIG. 6 is a plan view showing an example of 
an arrangement of the semiconductor element of FIG. 5. 
[0020] FIG. 7 is a cross-sectional view showing still 
another example of a semiconductor element having a 
trench structure of the present invention. 
[0021 ] FIG. 8 is a cross-sectional view showing an ex- 
ample (off-state) of a semiconductor element including 
a junction FET of the present invention. 
[0022] FIG. 9 is a cross-sectional view showing the 
on-state of the semiconductor element of FIG. 8. 
[0023] FIG. 1 0 is a cross-sectional view showing an- 
other example of a semiconductor element including a 
junction FET of the present invention. 



[0024] FIG. 11 is a cross-sectional view showing an 
example of a conventional semiconductor element. 
[0025] FIG. 12 is a cross-sectional view showing a 
conventional semiconductor element having a trench 
5 structure. 

[0026] FIG. 13 is a cross-sectional view showing an 
example of a semiconductor element including a MOS- 
FET and a Schottky diode. 

[0027] Hereinafter, preferred embodiments of the 
10 present invention will be described. 

[0028] More specifically, the present invention pro- 
vides first, second and third semiconductor elements as 
follows. 

[0029] A first semiconductor element is obtained by 
*5 improving the semiconductor elements shown in FIGS. 
11 and 13. This semiconductor element includes a re- 
gion for a group of transistors (a transistor region) in 
which a plurality of MOSFETs are formed. Each of the 
MOSFETs further includes a first conductivity type 
20 source region formed in the second conductivity type 
semiconductor, and a gate electrode provided on an in- 
sulating film formed on the first surface side. In each of 
the MOSFETs, the second conductivity type semicon- 
ductor is provided on the first surface side, and the 
25 source electrode is provided so as to be in contact with 
the second conductivity type semiconductor and the 
source region. 

[0030] In this transistor region, the Schottky diode is 
included in the transistor region and formed by contact 
30 between the drift region exposed between the MOS- 
FETs on the first surface side and the metal electrode. 
According to this semiconductor element, the reverse 
recovery time due to a parasitic diode can be reduced 
while suppressing an increase of the element area. Fur- 
35 thermore, this structure is advantageous in that the cur- 
rent capacity can be increased while ensuring the break- 
down voltage. 

[0031] A second semiconductor element is obtained 
by improving the semiconductor element shown in FIG. 
40 1 2. This semiconductor element includes a transistor re- 
gion in which a plurality of MOSFETs are formed. Each 
of the MOSFETs includes afirst conductivity type source 
region formed in the second conductivity type semicon- 
ductor, a recess that penetrates the source region and 
45 the second conductivity type semiconductor to reach the 
first conductivity type drift region and a gate electrode 
provided on an insulating film formed on the first surface 
side. In each of the MOSFETs, the second conductivity 
type semiconductor is provided on the first surface side, 
50 and the source electrode is provided so as to be in con- 
tact with the second conductivity type semiconductor 
and the source region. 

[0032] In this transistor region, the Schottky diode is 
included in the transistor region and formed by contact 
55 between the drift region exposed between the transis- 
tors on the first surface side and the metal electrode. 
. The structure of this semiconductor element also is ad- 
vantageous in that not only the compactness of the el- 
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ement and the reduction of the reverse recovery time 
can be achieved, but also the breakdown voltage can 
be ensured. 

[0033] Furthermore, another embodiment of the sec- 
ond semiconductor element includes a MOSFET that 5 
further includes a first conductivity type source region 
formed in the second conductivity type semiconductor, 
a recess that penetrates the source region and the sec- 
ond conductivity type semiconductor to reach the first 
conductivity type drift region and a gate electrode pro- 
vided on an insulating film formed on the first surface 
side. In the MOSFETs, the second conductivity type 
semiconductor is provided on the first surface side, and 
the source electrode is provided so as to be in contact 
with the second conductivity type semiconductor and 
the source region. 

[0034] This semiconductor element is characterized 
in that the Schottky diode is formed by contact between 
the drift region in contact with the recess and the metal 
electrode. The structure of this semiconductor element 
also is advantageous in that not only the compactness 
of the element and the reduction of the reverse recovery 
time can be achieved, but also the breakdown voltage 
can be ensured. 

[0035] The present invention further can be applied to 
a junction field-effect transistor (junction FET). A third 
semiconductor element of the present invention includ- 
ing a junction FET includes a first conductivity type 
source region on the first surface side, and a gate elec- 
trode. In the junction FET, the source electrode is pro- 
vided so as to be in contact with the source region and 
the gate electrode is provided so as to be in contact with 
the second conductivity type semiconductor. The 
Schottky diode is formed by contact between the drift 
region exposed on the first surface side and the metal 
electrode. According to this semiconductor element, a 
normally off type junction FET can be achieved and the 
breakdown voltage can be improved. 
[0036] Hereinafter, preferred embodiments of the 
present invention will be described with reference to the 
accompanying drawings. 

First Embodiment 

[0037] An embodiment of the first semiconductor ele- 
ment will be described with reference to FIG. 1 . 
[0038] In this semiconductor element 1 , a semicon- 
ductor in which an n-type epitaxial growth layer 12 is 
formed on an n + -type silicon carbide (SiC) substrate 11 
is used as the substrate. A plurality of island-shaped p- 
type semiconductor regions 13 are formed in predeter- 
mined positions on the surface of the substrate by ion 
implantation or diffusion. N + -type semiconductor re- 
gions 14 serving as source regions are formed in the p- 
type regions 13 also by ion implantation or the like. 
[0039] On the surface of the substrate, source elec- 
trodes 1 9 are formed so as to be in contact with the n + - 
type regions 14, and a drain electrode 17 is formed on 



the n + -type substrate 1 1 serving as a drain region on the 
back surface of the substrate. The junctions between 
the source electrode 1 9 and the drain electrode 1 7 and 
the semiconductor are ohmic junctions. The gate elec- 
trodes 1 8 are formed on the p-type regions 1 3 via insu- 
lating films 16, for example silicon oxide films, formed 
by oxidation. When an inversion layer (channel) is 
formed in the surface layer of the p-type regions 13 im- 
mediately below the gate electrode by applying a bias 
voltage to the gate electrode, the MOSFET is turned on. 
[0040] In this semiconductor element, metal elec- 
trodes (Schottky electrode) 20 that form a Schottky junc- 
tion with the n-type layer 12 are provided on the n-type 
layer 12 exposed on the surface between adjacent 
MOSFETs, that is, between adjacent p-type regions 13 
and 13. These Schottky electrodes 20 formed on the 
drift regions are electrically connected to the source 
electrodes 19 by wiring. 

[0041] Also in this semiconductor element, parasitic 
diodes including the p-type region 1 3 and the n-type lay- 
er 1 2 exist between the source and the drain. However, 
a delay due to reverse recovery time from the on-state 
to the off-state due to the parasitic diodes can be re- 
duced by the Schottky diode constituted by the junction 
between the Schottky electrode 20 and the n-type layer 
12. In other words, in the on-state where an inversion 
layer (channel) is produced in the surface layer of the 
p-type region 13, when a bias voltage is changed to be 
negative so that the channel is made to disappear, a 
quick response from the on-state to the off-state can be 
achieved. This is because the voltage between the 
source and the drain can be increased promptly without 
reflecting the slow recovery property of the parasitic di- 
ode because of the Schottky diode provided parallel to 
the parasitic diode. On the other hand, when this MOS- 
FET is on, current does not flow through the Schottky 
diode, so that this diode does not affect the element op- 
eration. 

[0042] In the off-state, a depletion layer 15 is spread 
to a portion immediately below the Schottky electrode 
20, so that the thickness of the depletion layer near the 
center of the distance d is increased. Therefore, even if 
the distance d between the adjacent p-type regions 13 
and 13 is increased for a large current flow, the break- 
down voltage of the element is easy to ensure. 
[0043] In addition, this semiconductor element does 
not require an additional opposite conductivityiype re- 
gion (e.g., the guard ring region 121 in FIG. 13) to ensure 
the breakdown voltage. Thus, the semiconductor ele- 
ment of the present invention may be characterized in 
that the field effect transistor and the Schottky diode are 
arranged so that a second conductivity type semicon- 
ductor other than the second conductivity type semicon- 
ductor constituting the field effect transistor is not inter- 
posed between the electric field effect transistor and the 
Schottky diode. 

[0044] In this semiconductor element, the p-type re- 
gion 13 exists near the Schottky diode, and therefore 
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the depletion layer due to the Schottky diode is formed 
so as to overlap with the depletion layer spreading from 
the interface between the p-type region 13 and the n- 
type layer 12 to the inner portion of the n-type layer. 
Therefore, the breakdown voltage of the diode itself is 
easy to ensure. 

[0045] FIG. 2 is a plan view of the semiconductor el- 
ement (FIG 1 is a cross-sectional view taken along line 
l-l of FIG. 2). In this embodiment, six MOSFETs are ar- 
ranged, but there is no limitation regarding the number 
of MOSFETs, and the number of MOSFETs to be inte- 
grated can be determined suitably based on the desired 
current capacity or the like. In this embodiment, MOS- 
FETs having the same shape (a square in a plan view) 
are arranged regularly in the longitudinal and lateral di- 
rections, but there is no particular limitation regarding 
the shape of the MOSFETs and the arrangement. For 
example, it may be advantageous if the comers of the 
gate electrode 1 8 having a square shape in a plan view 
are rounded in view of ensuring the breakdown voltage. 
The entire electrode can be of a polygonal or circular 
shape (see FIG. 6). Furthermore, a structure that can 
improve the breakdown voltage, such as a guard ring, 
can be provided outside the entire MOSFET region. 
[0046] In the MOSFET region in which a predeter- 
mined number of MOSFETs are arranged, the Schottky 
electrodes 20 extend between the MOSFETs in the lon- 
gitudinal and lateral directions. When the Schottky ele- 
ments are arranged between the adjacent MOSFETs in 
this manner, the Schottky diode can be formed close to 
the MOSFETs without providing an additional region for 
forming the Schottky electrode (see the Schottky diode 
region of FIG. 13), which is required in the conventional 
element Since the region between MOSFETs that has 
not been used previously is utilized, the formation of the 
Schottky diode causes no detriment to the compactness 
of the element. 

[0047] The Schottky electrodes 20 are not necessarily 
arranged in a lattice shape as shown in FIG. 2, and can 
be arranged in a stripe shape or discretely in an irregular 
manner. When the Schottky electrodes 20 are arranged 
discretely in an irregular manner, it is preferable to form 
the Schottky electrodes 20 in positions including, for ex- 
ample, at least the intersections 20a, 20b, ...of the lattice 
pattern extending in the longitudinal and lateral direc- 
tions. 

[0048] In the above, an example using silicon carbide 
has been described, but the above-described semicon- 
ductor element can be formed of other compound sem- 
iconductors such as AIN, GaN or the like (so-called wide 
band gap compound semiconductors having a wider 
band gap than that of silicon). When a wide band gap 
compound semiconductor such as silicon carbide is 
used, it is easy to ensure the breakdown voltage be- 
tween the Schottky electrode and the drain electrode. 
When the silicon cartide is obtained by causing epitaxial 
growth on the surface of a silicon carbide substrate that 
is either one of the following planes I and II to form a 



silicon carbide layer, an epitaxial growth layer having 
good crystallinity can be obtained. 

I. (111) Si plane of p-SiC, (0001) Si plane of 6H or 
5 4H-SiC, or Si plane of 15R-SiC, or offcut planes 

within 10 degrees of these Si planes; and 

II. (100) plane of p-SiC, (110) plane of P-SiC, (1 -1 00) 
plane of 6H or 4H-SiC, (11-20) plane of 6H or 
4H-SiC, or offcut planes within 15 degrees of these 

io planes. 

[0049] The above embodiment has been described 
with the n-type as the first conductivity type and the p- 
type as the second conductivity type, but the n-type and 
15 the p-type can be switched. 

Second Embodiment 

[0050] An embodiment of the second semiconductor 
20 element will be described with reference to FIG. 3. 
[0051] In this semiconductor element, a semiconduc- 
tor in which an n-type epitaxial growth layer 22 is formed 
on an n + -type silicon carbide substrate 21 is used as the 
substrate. A p-type semiconductor region 23 is formed 
25 partially on the surface of the substrate by ion implan- 
tation or diffusion. An n + -type semiconductor region 24 
serving as a source region is formed in the p-type region 
23 also by ion implantation or the like. A recess pene- 
trating the p-type region 23 to reach the n-type layer 22 
30 is formed in the n + -type region 24 by photolithography 
and etching to form a trench structure. 
[0052] A gate electrode 28 is provided via an insulat- 
ing film (e.g. silicon oxide film) 26 formed by oxidation 
in the recess. A source electrode 29 is provided so as 
35 to be in contact with the n + -type region 24 and the p- 
type region 23. A drain electrode 27 is provided on the 
back surface of the substrate so as to be in contact with 
the n + -type silicon carbide substrate 21 serving as a 
drain region. The junctions between the source elec- 
40 trode 29 and the drain electrode 27 and the semicon- 
ductor are ohmic junctions. In the silicon carbide MOS- 
FET having a trench structure, an inversion layer pro- 
duced by applying a bias voltage to the gate electrode 
28 is formed so as to extend along the thickness direc- 
ts tion of the semiconductor in the p-type regions 23 in con- 
tact with the trench wall surface. This inversion layer 
serves as a channel so that the MOSFET is turned on. 
[0053] Also in this semiconductor element, a Schottky 
electrode 20 is further provided. This is a metal elec- 
50 trode thatformsaSchottky junction with then-type layer 
22 exposed on the surface of the semiconductor adja- 
cent to the p-type region 23. The Schottky electrode 20 
can be formed as a metal layer that is in contact with the 
source electrode 29 on the surface of a drift region (of 
55 the same conductivity type) that is electrically continu- 
ous to the drain region of the semiconductor serving as 
the substrate. When the Schottky electrode 20 is con- 
sidered as a part of the source electrode 29, it can be 
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said that a part of the source electrode forms a Schottky 
junction with the n-type semiconductor region in this 
semiconductor element. 

[0054] Also in this semiconductor element, a parasitic 
diode including the p-type region 23 and the n-type layer 
22 exists between the source and the drain. Also in this 
embodiment, however, the reverse recovery time from 
the on-state to the off-state due to the parasitic diode 
can be reduced by the Schottky diode constituted by the 
junction of the Schottky electrode 20 and the n-type lay- 
er 22. 

[0055] Furthermore, the depletion layer spreading im- 
mediately below the Schottky electrode 20 makes it 
easy to ensure the breakdown voltage of the element. 
More specifically, in the semiconductor element having 
a conventional trench structure, breakdown tends to oc- 
cur at the interface point B at the surface of the semi- 
conductor on which the electric field is concentrated. 
However, the arrangement of the Schottky electrode 20 
makes it possible for the depletion layer to spread near 
the interface B in the surface of the semiconductor, so 
that breakdown is less likely to occur, and the break- 
down voltage between the source and the drain in the 
off-state can be improved. 

[0056] Basically, this semiconductor element does 
not require an additional opposite conductivity type (p- 
type in this case) region to ensure the breakdown volt- 
age, such as a guard ring region. The depletion layer 
due to the Schottky diode is superimposed on the de- 
pletion layer spreading from the interface between the 
p-type region 23 and the n-type layer 22 to the inner 
portion of the n-type layer. Therefore, the breakdown 
voltage of the diode itself is easy to ensure. In this sem- 
iconductor element, silicon carbide is used, so that a 
higher breakdown voltage than when silicon is used can 
be obtained. Since a trench structure is formed, this em- 
bodiment is advantageous in that a higher breakdown 
voltage and a larger current capacity can be obtained. 
[0057] FIG. 4 is a plan view showing an example of 
the arrangement of the semiconductor element of FIG. 
3. In this embodiment as well, as described with refer- 
ence to FIG. 2, there is no particular limitation regarding 
the number of MOSFETs, the shape, the arrangement 
or the like. The arrangement and the shape of the 
Schottky electrode 20 are not limited to a lattice shape. 
[0058] FIGS. 5 to 7 show other embodiments of the 
second semiconductor element. 
[0059] The Schottky electrode 20 in the semiconduc- 
tor element shown in FIGS. 5 and 6 is in contact with 
the n-type layer 22, not on the surface of the semicon- 
ductor, but on the bottom surface of the trench structure. 
A gate electrode 28 in contact with the wall surface of 
the trench structure via a first insulating film (silicon ox- 
ide film) 26a is provided in the recess forming the trench 
structure. The gate electrode 28 and the Schottky elec- 
trode 20 are insulated from each other by a second in- 
sulating film (silicon oxide film) 26b. Thus, also when a 
metal electrode is formed in the drift region in contact 



with the bottom surface of the trench structure "to form 
the Schottky diode, the reverse recovery time from the 
on-state to the off-state can be reduced, as in the above 
embodiments. Also in this embodiment, the shape of the 
5 electrode shown in FIG. 6 and the like are only an ex- 
ample. 

[0060] When using the embodiment shown in FIGS. 
5 and 6, the depletion layer can be spread from the bot- 
tom of the trench structure to a lower portion. Therefore, 
10 the breakdown voltage between the gate and the drain 
in the off-state can be increased, which makes it easy 
to suppress breakdown at the electric field concentra- 
tion point B. 

[0061 ] In the semiconductor element shown in FIG. 7, 

15 a p-type semiconductor layer 33 that has been grown 
epitaxially on the n-type layer 22 is used as the p-type 
semiconductor region, instead of the region formed in 
the semiconductor. In this embodiment, the recess for 
forming a trench structure is formed so as to penetrate 

20 the p-type layer from the n+-type region 24 formed on 
the surface of the p-type layer 33 to reach the n-type 
layer 22. The source electrode 29 is in contact with the 
n + -type region 24 and the p-type layer 33, the Schottky 
electrode 20 is in contact with the n-type layer 22, and 

25 these two electrodes are in contact with each other. In 
this embodiment as well, the reverse recovery time from 
the on-state to the off-state can be reduced. 
[0062] Also in the embodiment shown in FIG. 7, the 
arrangement of the Schottky electrode 20 makes it pos- 

30 sible for the depletion layer to spread near the electric 
field concentration point B where breakdown tends to 
occur, so that the breakdown voltage between the 
source and the drain in the off-state can be improved. 
[0063] In the semiconductor elements in the first and 

35 the second embodiments, FETs are formed, and no ex- 
tra p-type regions other than the p-type regions partici- 
pating in the operation of the FETs are included between 
the FETs and the Schottky diodes. The semiconductor 
elements in the first and the second embodiments have 

40 a structure that can reduce the reverse recovery time 
due to the parasitic diode in a very rational manner with 
a small element area without forming a separate region 
while ensuring the breakdown voltage of the Schottky 
diode by utilizing the p-type regions constituting the 

45 FETs. Also in this embodiment, when the silicon carbide 
is obtained by causing epitaxial growth in a silicon car- 
bide layer on the surface of a silicon carbide substrate 
that is either one of the above planes I and II, an epitaxial 
growth layer having good crystallinity can be obtained. 

50 The above embodiment has been described with the n- 
type as the first conductivity type and the p-type as the 
second conductivity type, but the n-type and the p-type 
can be switched. 

55 Third Embodiment 

[0064] An embodiment of the third semiconductor el- 
ement will be described with reference to FIGS. 8 and 9. 
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[0065] In this semiconductor element, a junction FET 
is formed. In this semiconductor, a semiconductor in 
which afirst n-type epitaxial growth layer 12a and a sec- 
ond n-type epitaxial growth layer 12b are formed in this 
order on an n + -type silicon carbide substrate 1 1 serving 5 
as a drain region is used as the substrate. A first p-type 
semiconductor region 43a and a second p-type semi- 
conductor region 43b are formed in the substrate. The 
first p-type semiconductor region 43a and the second 
p-type semiconductor region 43b are formed by ion im- 
plantation from the surfaces of the first n-type epitaxial 
growth layer 1 2a and the second n-type epitaxial growth 
layer 12b, respectively, after the two growth layers are 
formed. The first p-type region 43a functions as a sep- 
arating layer of the n-type layer constituting the drift re- 
gion. 

[0066] An n + -type semiconductor region 1 4 serving as 
a source region is formed on the surface of the second 
n-type region 12b. Furthermore, a source electrode 19 
is formed on the surface of the substrate so as to be in 
contact with the n + -type region 14, and a drain electrode 
1 7 is formed on the back surface of the substrate so as 
to be in contact with the n + -type silicon substrate 1 1 . The 
source electrode 19 and the drain electrode 17 form 
ohmic junctions with the semiconductor. A gate elec- 
trode 1 8 is provided so as to be in contact with the sec- 
ond p-type region 43b. 

[0067] In this semiconductor, a metal electrode 
(Schottky electrode) 20 is provided on the second n-type 
layer 12b that becomes a part of a drift region through 
which electrons flow in the on-state. The Schottky elec- 
trode 20 is in contact with the source electrode 1 9. When 
the Schottky electrode 20 is considered as a part of the 
source electrode 1 9, a part of the source electrode forms 
a Schottky junction with the n-type region in this semi- 
conductor element. 

[0068] This semiconductor element is designed such 
that when a bias voltage is not applied to the gate elec- 
trode 1 8, the depletion layer 15 spreads to the periphery 
of the first p-type region 43a serving as the separate 
layer as shown in FIG. 8. Also in the second n-type layer 
12b near the Schottky electrode 20, the depletion layer 
stemming from the Schottky electrode spreads to over- 
lap with the depletion spreading to the periphery of the 
p-type region. This spread and superimposltion of the 
depletion layer can achieve a normally off type junction 
FET (not a regular junction FET). Furthermore, since the 
Schottky electrode 20 is provided in the region sur- 
rounded by the second p-type layer 43b, the breakdown 
voltage can be Improved without increasing the element 
area. 

[0069] In this semiconductor element, when the de- 
pletion layer is allowed to recede by applying a positive 
bias voltage to the gate electrode, a channel 41 that al- 
lows conduction between the upper and the lower por- 
tions of the separating layer is generated between the 
p-type regions 43a and 43a, as shown in FIG. 9. In the 
second n-type layer 12b as well, a channel is generated 



between the first p-type region 43a and the Schottky 
electrode 20. Thus, an electron flow 42 from the source 
electrode 19 to the drain electrode occurs so that the 
element is turned on. 

[0070] In this junction FET, as shown in FIG. 10, a p- 
type region 43c further can be formed immediately be- 
low the metal layer 20, as shown in FIG. 10. This region 
43c ensures the spread of the depletion layerto a higher 
extent. Therefore, the off-state under no application of 
a bias voltage can be attained more reliably. 
[0071] In this embodiment, other compound semicon- 
ductors such as AIN, GaN or the like can be used in 
place of the silicon carbide to improve the breakdown 
voltage further. In the case of the silicon carbide, when 
the silicon carbide is obtained by causing epitaxial 
growth in a silicon carbide layer on the surface of a sil- 
icon carbide substrate that is either one of the above 
planes I and II, an epitaxial growth layer having good 
crystallinity can be obtained. The above embodiment 
has been described with the n-type as the first conduc- 
tivity type and the p-type as the second conductivity 
type, but the n-type and the p-type can be switched. 
[0072] In this embodiment as well as in the first and 
the second embodiments, a FET region in which a pre- 
determined number of FETs are arranged can be pre- 
pared to increase the current capacity. Also in this em- 
bodiment, the FETs can be arranged in such a manner 
as described with reference to FIGS. 2 and 4. in the 
semiconductor element of this embodiment as well as 
the semiconductor elements of the first and the second 
embodiments, FETs are formed, and no excessive p- 
type regions other than the p-type regions participating 
in the operation of the FETs are included between the 
FETs and the Schottky diodes. In this semiconductor el- 
ement, the breakdown voltage is improved by arranging 
the FET and the Schottky diode closely. 

Examples 

[0073] Hereinafter, the present invention will be de- 
scribed more specifically by way of example. However, 
the present invention is not limited to the following ex- 
amples. 

Example 1 

[0074] In this example, a semiconductor element hav- 
ing the same structure as shown in FIG. 1 was pro- 
duced. 

[0075] First, a substrate was prepared, having a sur- 
face off-cut to an orientation 4 degrees offset from the 
[1,1-20] direction of an n-type 6H-SiC (0001) Si plane 
that was doped with nitrogen so that the concentration 
was 3 x 10 18 cnrr 3 . After cleaning this substrate, an n- 
type epitaxial growth layer doped with 1 .3 x 1 0 16 cm* 3 
of nitrogen was formed on the off-cut surface. This n- 
type layer was formed by CVD such that the thickness 
was 1 0 pm. A metal mask was formed on the surface of 
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this n-type layer, and ion energy was selected selective- 
ly from five levels in the range from 0.9 to 4.0 MeV for 
boron ion implantation in a dose amount of 3 x 10 u 
cm* 2 for each. This ion implantation formed an island 
shaped p-type region with a depth of about 2 pm in the 
surface layer of the n-type layer. Furthermore, using an- 
other metal mask, nitrogen ion implantation was per- 
formed at an energy of 20 keV and in a dose amount of 
5 x 10 15 cm' 2 partially in the p-type region to form an 
n + -type semiconductor region serving as a source re- 
gion. The substrate temperature for the ion implantation 
of boron and nitrogen was 500°C. In this substrate, the 
region formed by ion implantation was activated by a 
one hour heat treatment at 1 700°C in an Ar atmosphere. 
The length of the channel region of the thus formed 
MOSFET was about 2 pm. 

[0076] Subsequently, the silicon carbide substrate 
was subjected to wet oxidation for 3 hours at 1100°C in 
a chamber for an oxidation treatment. This oxidation 
treatment formed a silicon oxide film having a thickness 
of 40nm on the surface of the semiconductor substrate. 
Contact holes or the like were formed on the silicon ox- 
ide film by photolithography and etching. Furthermore, 
Ni was deposited for each of the source electrode and 
the drain electrode and a heat treatment was performed 
to form ohmic electrodes. Then, a gate electrode was 
formed on the silicon oxide film. Furthermore, a NI 
Schottky electrode was formed so as to be joined with 
the n-type layer exposed between the adjacent p-type 
regions. The arrangement of the electrodes was as 
shown in FIG. 1. 

[0077] The breakdown voltage of the thus obtained 
silicon carbide MOSFET was 600 V or more, whereas 
it was about 500 V when the Schottky electrode was not 
formed. Moreover, the reverse recovery time from the 
on-state to the off-state of the semiconductor element 
was 1 00 ns or less, whereas it was 300 ns or more when 
the Schottky electrode was not formed. Thus, providing 
the Schottky electrode between the adjacent MOSFETs 
can result in MOSFETs with a low loss and a high break- 
down voltage. 

Example 2 

[0078] In this example, a semiconductor element hav- 
ing the same structure as shown in FIG. 3 was pro- 
duced. 

[0079] First, a substrate was prepared, having a sur- 
face off-cut to an orientation 4 degrees offset from the 
[11-20] direction of an n-type 6H-SiC (0001) Si plane 
that is doped with nitrogen so that the concentration was 
3 x 10 18 cm* 3 . After cleaning this substrate, an n-type 
epitaxial growth layer doped with 1 .3 x 10 16 cm* 3 of ni- 
trogen was formed on the off-cut surface. This n-type 
layer was formed by CVD such that the thickness was 
1 0 urn. A metal mask was formed on the surface of this 
n-type layer, and ion energy was selected selectively 
from five levels in the range from 0.9 to 4.0 MeV for bo- 



ron ion implantation in a dose amount of 3 x 1 0 14 cm* 2 
for each. This ion implantation formed a p-type region 
with a depth of about 2 jim in the surface layer of the n- 
type layer. Furthermore, using another metal mask, ni- 

5 trogen ion implantation was performed at an energy of 
20 keV and in a dose amount of 5 x 10 15 cm* 2 partially 
in the p-type region to form an n + -type region serving as 
a source region. The substrate temperature for the ion 
implantation of boron and nitrogen was 500°C. In this 

10 substrate, the region formed by ion implantation was ac- 
tivated by a one hour heat treatment at 1 700°C in an Ar 
atmosphere. 

[0080] Furthermore, a recess for forming a trench 
structure was formed on the silicon carbide substrate. 
is The recess was formed with an ICP (inductive coupled 
plasma) etching apparatus after a mask was formed. A 
mixed gas of CF 4 and 0 2 was used for etching. The 
length of the formed recess was 2.5 \irr\ t penetrating 
both the n + -type and the p-type semiconductor regions 
to reach the n-type layer. 

[0081] Subsequently, the semiconductor substrate 
was subjected to wet oxidation for one hour at 1100°C 
in a chamber for an oxidation treatment. This oxidation 
treatment formed a silicon oxide film having a thickness 
of 40nm on the surface of the semiconductor substrate. 
Contact holes or the like were formed on the silicon ox- 
ide film by photolithography and etching. Furthermore, 
Ni was deposited for each of the source electrode and 
the drain electrode and a heat treatment was performed 
to form ohmic electrodes. Then, a gate electrode made 
of Al was formed in the recess. Furthermore, a Ni 
Schottky electrode was formed in contact with the n-type 
layer and adjacent to the source electrode layer. The 
arrangement of the electrodes was as shown in FIG. 3. 
[0082] The breakdown voltage of the thus obtained 
silicon carbide MOSFET was 600 V or more, whereas 
it was about 500 V when the Schottky electrode was not 
formed. Moreover, the reverse recovery time from the 
on-state to the off-state of the semiconductor element 
was 1 00 ns or less, whereas it was 300 ns or more when 
the Schottky electrode was not formed. Thus, providing 
the Schottky electrode between the adjacent MOSFETs 
can result in MOSFETs with a low loss and a high break- 
down voltage. 

Example 3 

[0083] In this example, a semiconductor element hav- 
ing the same structure as shown in FIG. 7 was pro- 
duced. 

[0084] First, a substrate was prepared, having a sur- 
face off-cut to an orientation 4 degrees offset from the 
[11-20] direction of an n-type 6H-SiC (0001) Si plane 
that is doped with nitrogen so that the concentration was 
3 x 10 18 cm* 3 . After cleaning this substrate, an n-type 
epitaxial growth layer doped with 1 .3 x 10 16 cm* 3 of ni- 
trogen was formed on the off-cut surface. This n-type 
layer was formed by CVD such that the thickness was 
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10jim. A p-type epitaxial growth layer doped with 2 x 
10 17 cm -3 of Al was formed partially on the surface of 
the n-type layer while TMA was added during the film- 
formation by CVD. Thethickness of the p-type layerwas 
2 Furthermore, using a metal mask, nitrogen ion 5 
implantation was performed at an energy of 20 keV and 
in a dose amount of 5 x 1 0 15 cm" 2 partially in the p-type 
region to form an n + -type semiconductor region serving 
as a source region, The substrate temperature for the 
ion implantation was 500°C. In this substrate, the region 
formed by ion implantation was activated by a one hour 
heat treatment at 1700°C in an Ar atmosphere. 
[0085] Furthermore, a recess for forming a trench 
structure was formed on this semiconductor substrate. 
The recess was formed with an ICP etching apparatus 
after a mask was formed. A mixed gas of CF 4 and 0 2 
was used for etching. The length of the formed recess 
was 2.5 \irr\, penetrating the n + -type semiconductor re- 
gion and the p-type layer to reach the n-type layer. 
[0086] Subsequently, the semiconductor substrate 
was subjected to wet oxidation for one hour at 1100°C 
in a chamber for an oxidation treatment. This oxidation 
treatment formed a silicon oxide film having a thickness 
of 40nm on the surface of the semiconductor substrate. 
Contact holes or the like were formed on the silicon ox- 
ide film by photolithography and etching. Furthermore, 
Ni was deposited for each of the source electrode and 
the drain electrode and a heat treatment was performed 
to form ohmic electrodes. Then, a gate electrode made 
of Al was formed in the recess. Furthermore, a Ni 
Schottky electrode was formed in contact with the n-type 
layerand adjacentto the source electrode. The arrange- 
ment of the electrodes was as shown in FIG. 7. 
[0087] The breakdown voltage of the thus obtained 
silicon carbide MOSFET was 600 V or more, whereas 
it was about 500 V when the Schottky electrode was not 
formed. Moreover, the reverse recovery time from the 
on-state to the off-state of the semiconductor element 
was 1 00 ns or less, whereas it was 300 ns or more when 
the Schottky electrode was not formed. Thus, providing 
the Schottky electrode between the adjacent MOSFETs 
can result in MOSFETs with a low loss and a high break- 
down voltage. 

Example 4 

[0088] In this example, a semiconductor element hav- 
ing the same structure as shown in FIGS. 8 and 9 was 
produced. 

[0089] First, a substrate was prepared, having a sur- 
face off-cut to an orientation 4 degrees offset from the 
[11-20] direction of an n-type 6H-SiC (0001) Si plane 
that is doped with nitrogen so that the concentration was 
3x1 0 18 crrr 3 . After cleaning this substrate, a first n-type 
epitaxial growth layer doped with 1 .3 x 1 0 16 cnrr 3 of ni- 
trogen was formed on the off-cut surface. This first n- 
type layer was grown by CVD such that the thickness 
was 1 0 urn. A metal mask was formed on the surface of 



the first n-type layer, and aluminum ions were implanted 
selectively at 200 keV and in a dose amount of 3 x 1 0 14 
cm" 2 . This ion implantation formed a first p-type semi- 
conductor region with a depth of about 0.3 p.m in the 
surface layer of the first n-type layer. Furthermore, a 
second n-type epitaxial growth layer doped with 1 .3 x 
1 0 16 cm* 3 of nitrogen was formed on the first n-type lay- 
er. This second n-type layer was grown by CVD such 
that the thickness was 0.5 . A metai mask was formed 
on the surface of the second n-type layer, and aluminum 
ions were implanted selectively at 50 keV to 1.0 MeV 
and in a dose amount of 3 x 10 14 cnr 2 This implantation 
formed a second p-type semiconductor region that pen- 
etrated the second n-type layer and was connected to 
the first p-type semiconductor region. Furthermore, us- 
ing another metal mask, nitrogen ion implantation was 
performed at an energy of 20 keV and in a dose amount 
of 5 x 10 15 cm -2 to partially form an n + -type semicon- 
ductor region serving as a source region. The substrate 
temperature for the ion implantation was 500°C. In this 
substrate, the region formed by ion implantation was ac- 
tivated by a one hour heat treatment at 1 700°C in an Ar 
atmosphere. 

[0090] Subsequently, the Ni was deposited for each 
of the source electrode and the drain electrode and a 
heat treatment was performed to form ohmic electrodes. 
Then, a gate electrode made of Al was formed. Further- 
more, a Ni Schottky electrode was formed. The arrange- 
ment of the electrodes was as shown in FIGS. 8 and 9. 
[0091] The breakdown voltage of the thus obtained 
silicon carbide MOSFET was 600 V or more, whereas 
it was about 500 V when the Schottky electrode was not 
formed. Thus, a normally off type junction FET with a 
high breakdown voltage was obtained by providing the 
Schottky element between adjacent junction FETs. 
[0092] In the above, the embodiments using silicon 
carbide have been described. However, it is possible to 
form the semiconductor element of the present inven- 
tion with other semiconductors such as silicon. In a sem- 
iconductor element using silicon, even if the Schottky 
diode is formed as disclosed in the above publication, 
the breakdown voltage is from several tens volts to 1 00 
V at most. However, according to the present invention, 
a silicon semiconductor element having a breakdown 
voltage of about 150 V can be obtained. It is believed 
that superimposition of the depletion layers contributes 
to the increase of the breakdown voltage. 
[0093] According to the present invention, in semicon- 
ductor elements, a delay due to reverse recovery time 
caused by a parasitic diode can be reduced while sup- 
pressing an increase of the element area. Moreover, the 
breakdown voltage in the semiconductor elements can 
be increased, According to the present invention, the 
breakdown voltage can be increased to about 150 V in 
silicon semiconductors, and to several hundreds volts 
or up to 1 kV in silicon carbide semiconductors. 
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Claims 

1 . A semiconductor element comprising: 

a field-effect transistor including a source elec- 
trode (19) provided on a first surface side of a 
semiconductor body, a drain electrode (1 7) pro- 
vided on a second surface side opposite to the 
first surface side, a first conductivity type sem- 
iconductor (12) that includes a first conductivity 
type drift region and is included in the semicon- 
ductor body, and a second conductivity type 
semiconductor (13) included in the semicon- 
ductor body; and 

a Schottky diode formed by contact between 
the first conductivity type semiconductor (12) 
and a metal electrode (20), 

wherein the field-effect transistor and the Schottky 
diode are arranged such that a first depletion layer 
(15) stemming from the Schottky diode is superim- 
posed on a second depletion layer spreading 
around the second conductivity type semiconductor 
in an off-state of the field-effect transistor. 

2. The semiconductor element according to claim 1 , 
wherein the semiconductor body includes a region 
for a group of transistors in which a plurality of the 
field-effect transistors are formed, and the field-ef- 
fect transistors are insulated field-effect transistors, 
each of the insulated gate field-effect transistors fur- 
ther comprising: 

a first conductivity type source region (14) 
formed in the second conductivity type semi- 
conductor (13), and a gate electrode (18) pro- 
vided on an insulating film (16) formed on the 
first surface side, 

wherein in each of the insulated gate field-effect 
transistors, 

the second conductivity type semiconductor 
(13) is provided on the first surface side; and 



for a group of transistors in which a plurality of the 
field-effect transistors are formed, and the field-ef- 
fect transistors are insulated field-effect transistors, 
each of the insulated gate field-effect transistors fur- 
5 ther comprising: 

a first conductivity type source region (24) 
formed in the second conductivity type semi- 
conductor (23), a recess that penetrates the 
f 0 source region and the second conductivity type 

semiconductor to reach the first conductivity 
type drift region, and a gate electrode (28) on 
an insulating film (26) formed in the recess, 

wherein in each of the insulated gate field-effect 
transistors, 

the second conductivity type semiconductor 
(23) is provided on the first surface side; and 

20 

the source electrode (29) is provided so as to 
be in contact with the second conductivity type 
semiconductor (23) and the source region (24); 

25 wherein the Schottky diode is included in the region 
for a group of transistors and is formed by contact 
between the drift region exposed between the tran- 
sistors on the first surface side and the metal elec- 
trode (20). 

30 

4. The semiconductor element according to claim 1 , 
wherein the field-effect transistor is an insulated 
gate field-effect transistor, 
the insulated gate field-effect transistorfurthercom- 
35 prising> 

a first conductivity type source region formed in 
the second conductivity type semiconductor, a 
recess that penetrates the source region and 
40 the second conductivity type semiconductor to 

reach the first conductivity type drift region, and 
a gate electrode on the insulating film formed 
in the recess, 

45 wherein in the insulated gate field-effect transistors, 



the source electrode (19) is provided so as to 
be in contact with the second conductivity type 
semiconductor (13) and the source region (14), 

50 

wherein the Schottky diode is included in the region 
for a group of transistors and is formed by contact 
between the drift region exposed between the tran- 
sistors on the first surface side and the metal elec- 
trode (20). 55 

3. The semiconductor element according to claim 1 , 
wherein the semiconductor body includes a region 



the second conductivity type semiconductor 
(23) is provided on the first surface side; and 

the source electrode (29) is provided so as to 
be in contact with the second conductivity type 
semiconductor (23) and the source region (24), 

wherein the Schottky diode is formed by contact be- 
tween the drift region in contact with the recess and 
the metal electrode (20). 

5. The semiconductor element according to claim 1, 
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wherein the field-effect transistor is a junction field- 
effect transistor, 

the junction field-effect transistor further compris- 

J n 9- 

5 

a first conductivity type source region (14) on 
the first surface side, and a gate electrode (1 8), 

wherein in the junction field-effect transistor, 

10 

the source electrode (19) is provided so as to 
be in contact with the source region (14); and 

the gate electrode (1 8) is provided so as to be 
in contact with the second conductivity type is 
semiconductor (43b), 

. wherein the Schottky diode is formed by contact be- 
tween the first conductivity type drift region exposed 
on the first surface side and the metal electrode 20 
(20). 

6. The semiconductor element as claimed in any one 
of claims 1 to 5, wherein the semiconductor body is 
made of silicon carbide. 25 

7. The semiconductor element according to claim 6, 
wherein the silicon carbide is obtained by causing 
epitaxial growth on a surface of a silicon carbide 
substrate that is either one of the following I and II 30 
to form a silicon carbide layer: 

I. 111) Si plane of p-SiC, (0001) Si plane of 6H 
or 4H-SiC, or Si plane of 15R-SiC, or offcut 
planes within 10 degrees of these Si planes; 35 
and 

II. (100) plane of p-SiC, (110) plane of p-SiC, 
(1-1 00) plane of 6H or 4H-SiC , (1 1 -20) plane of 

6H or 4H-SiC, or offcut planes within 15 de- 40 
grees of these planes. 
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